Background/Aims: Hyperphosphatemia is associated with higher mortality and increased incidence of end-stage renal disease in patients with non-dialysis dependent CKD (NDD-CKD), but there has not been a concomitant assessment of mortality and progressive kidney disease that would also account for cumulative effects of hyperphosphatemia. Methods: In order to account for the cumulative effects of abnormal serum phosphorus we examined associations of not only baseline, but also time-averaged serum phosphorus levels with all-cause mortality, the composite of mortality or ESRD and the slopes of estimated glomerular filtration rate (eGFR), by using Cox models and mixed effects models in a contemporary cohort of 713 males with moderate and advanced NDD-CKD. Results: Higher baseline and time-averaged serum phosphorus were both associated with mortality and with the composite outcome. A 1 mg/dl higher time-averaged serum phosphorus was associated with a multivariable adjusted hazard ratio of all-cause mortality (95% CI) of 1.56 (1.19 -2.05), p = 0.001. Higher serum phosphorus was associated with a steeper slope of eGFR in unadjusted analyses, but this association became non-significant after multivariable adjustments. Conclusion: The cumulative burden of hyperphosphatemia is associated with increased mortality in patients with moderate and advanced NDD-CKD. Clinical trials are needed to determine if lowering serum phosphorus can result in improved mortality in this population.
Introduction
Disorders of phosphorus metabolism have been implicated as a novel risk factor in the high mortality seen in patients with chronic kidney disease (CKD), including those on maintenance hemodialysis (MHD) therapy [1, 2] and also patients with non-dialysis dependent CKD (NDD-CKD) [3, 4] . In NDD-CKD higher serum phosphorus has also been associated with an increase in the incidence of end-stage renal disease [4, 5, 6] , raising the possibility that hyperphosphatemia could also have distinct adverse effects on kidney function [7, 8] . The association between serum phosphorus and the incidence of ESRD could, however, be also explained by mechanisms unrelated to progressive CKD, such as censoring of patients who died before potentially reaching ESRD in Cox models [9] . Furthermore, previous studies in NDD-CKD have used baseline serum phosphorus to study outcomes, thus not accounting for the cumulative impact of changing phosphorus levels over time or for the possible effects of various medications applied in the context of such changes. In order to address these issues we examined outcomes associated not only with baseline but also with time-averaged serum phosphorus in a contemporary cohort of male patients with moderate and advanced NDD-CKD. We examined concomitantly associations with allcause mortality, the composite of pre-dialysis mortality or ESRD, and with slopes of estimated glomerular filtration rate (eGFR). and June 30, 2007, and followed until April 1, 2008 . 41 patients had no serum phosphorus measurements; 8 female patients and 4 patients whose race was other than white or black were also excluded. The final study population consisted of 713 men.
Baseline characteristics of the study population were collected retrospectively as recorded for clinical purposes at the time of the patients' initial evaluation in the Nephrology clinic and subsequently during the follow-up period by averaging values every 6 months if appropriate, and included demographic and anthropometric characteristics, comorbid conditions and laboratory results, as detailed before [10, 11] . Medication use, including that of angiotensin-converting enzyme inhibitors or angiotensin receptor blockers (ACEI/ARB), statins, calcium and non-calcium containing phosphate binders and calcitriol, was also assessed over the entire follow-up period by reviewing pharmacy records, and was used as a surrogate marker for quality of clinical care. Serum creatinine levels measured during outpatient visits were collected throughout the follow-up period until the occurrence of death, initiation of dialysis or loss of follow-up (whichever occurred first) for slope assessment. Glomerular filtration rate was estimated using the abbreviated equation developed for the Modification of Diet in Renal Disease Study (MDRD) [12] and categorized according to the staging system introduced by the Kidney/Dialysis Outcome Quality Initiative (K/DOQI) Clinical Practice Guidelines for CKD: Evaluation, Classification, and Stratification [13] . All the biochemical measurements were performed in a single laboratory at the Salem VAMC.
Statistical analyses
Descriptive analyses were performed and comparisons of variables between categories of serum phosphorus was done using ANOVA and c 2 -tests. Skewed variables were log-transformed. Missing data points for the Charlson comorbidity index (< 1% missing), serum albumin (< 1% missing), hemoglobin (< 1% missing) and 24-h urine protein (4% missing) were imputed by linear regression and using all other characteristics as independent variables. Serum parathyroid hor-mone (PTH) level was missing in 43% of patients at baseline and in 16% of patients throughout the entire follow-up. PTH level was included in multivariable analyses of baseline variables as a categorical variable by dividing baseline levels in quartiles and adding missing values as a fifth (dummy) category, and in analyses of time-averaged variables by imputing missing values. Smoking (1% missing) was analyzed as a categorical variable with the creation of a dummy variable corresponding to missing status. To better capture the cumulative impact of serum phosphorus over time we used both its baseline and time-averaged values in our analyses [14] .
Outcomes analysis: The starting time for survival analysis was the date of the first encounter in the Nephrology Clinic at Salem VAMC. Patients were considered lost to follow-up if no contact was documented with them for more than 6 months, and they were censored at the date of the last documented contact. Outcome measures were overall (pre-and post-dialysis) all-cause mortality (ascertained from VA electronic records), the composite of pre-dialysis mortality or ESRD (defined as initiation of maintenance dialysis therapy and ascertained from local hospital records including Medicare Form 2728) and the slopes of estimated GFR vs. time.
The associations of baseline and time-averaged serum phosphorus levels with allcause mortality, and the composite of pre-dialysis mortality or ESRD were evaluated in Cox models with adjustment for potential confounders. Selection of variables to be included in the final multivariable models was determined based on differences in baseline characteristics between groups with different serum phosphorus levels and based on physiologic considerations [15] . Time-averaged values of variables that were updated during follow-up were included in the multivariable models assessing associations for time-averaged serum phosphorus. Nonlinear associations were examined by using restricted cubic splines; analyses were restricted to values above the 1st and below the 99th percentile of the predictor variable in order to increase the stability of the spline models.
The association between baseline and time-averaged serum phosphorus and the slopes of eGFR vs. time was examined in gen-Phosphorus and outcomes in CKD eralized linear mixed effects models allowing for a random intercept and slope using the XTMIXED command in STATA. The change in eGFR from baseline until death, start of dialysis or loss of follow-up (whichever occurred first) was studied in 645 patients who had at least 4 serum creatinine measurements (median: 14 measurements, range: 4 -109) by using a multistage model formulation [16] . In such a model the Level 1 change describes intraindividual changes in eGFR and the Level 2 model describes how the change coefficients differ across participants. The covariates of interest (baseline and time-aver-aged serum phosphorus and any other independent variables) are thus included in the Level 2 model to explain interindividual differences in intraindividual change (slope).
Interactions were assessed by performing subgroup analyses by age, race, use vs. nonuse of phosphate binders and calcitriol at any time during follow-up, diabetic status and by levels of kidney function, and by inclusion of interaction terms. Statistically significant interaction terms were included in the multivariable models. Sensitivity analyses were performed by using only non-imputed values of independent variables and by performing 
Results
The mean (± SD) age of the cohort was 70 ± 10 years, 23% of patients were black and their mean estimated GFR was 37 ± 15 ml/ min/1.73 m 2 . Most patients had CKD Stages 3 (62%) and 4 (28%), with few patients categorized as CKD Stages 1 (1%), 2 (5%) and 5 (4%). The mean (± SD) baseline serum phosphorus was 3.9 ± 0.9 mg/dl and the mean (± SD) time-averaged serum phosphorus was 3.9 ± 0.7 mg/dl, based on a median (interquartile range) of 14 (7 -22) serum phosphorus measurements per patient. A total of 244 patients died (mortality rate: 119/1,000 patient-years, 95% confidence interval (CI): 105 -135), and 293 reached the composite outcome (event rate: 156/1,000 patient-years, 95% CI: 139 -175) during a median followup of 1.5 years (total time at risk: 1,899 patient-years). 18 patients (2.5 %) were lost to follow-up and their characteristics were not significantly different (data not shown).
Baseline characteristics in patients divided by quartiles of serum phosphorus are shown in Table 1 . Patients with higher phosphorus were younger, more likely to be diabetics and active smokers, had lower levels of eGFR, serum albumin, calcium, bicarbonate and blood hemoglobin levels and higher levels of comorbidity index, serum PTH, total cholesterol and 24-h urine protein.
The use of phosphate binding medications during the entire follow-up period was more frequent in patients with higher serum phosphorus, but the use of ACEI/ARB, statins and activated vitamin D did not differ by categories of serum phosphorus level.
Higher baseline and time-averaged serum phosphorus levels were associated with linearly higher mortality rates in unadjusted Cox models, which remained significant even after adjustment for age, race, smoking status, comorbidity index, diabetes mellitus, cardiovascular disease, eGFR, serum calcium, PTH, albumin, hemoglobin, total cholesterol, 24-h urine protein, the use of phosphate binders and calcitriol and the interaction term for calcium-based phosphate binders ( Figure 1) (Table 2 ). Higher serum phosphorus (both baseline and time-averaged) also showed a significant association with the composite outcome of pre-dialysis all-cause mortality or ESRD ( Figure 2) (Table 2) . Significant interactions were only present for the use of calcium-based phosphate binders, in that the association between serum phosphorus with mortality or the composite outcome was only significant in patients who did not receive such medications (( Table 2 ) p = 0.005 for the mortality interaction terms for both baseline and time-averaged phosphorus and p = 0.03 and p = 0.01 for the composite outcome interaction terms for baseline and for time-averaged serum phosphorus).
The unadjusted mean slope of eGFR vs. time (95% CI) in the Level 1 linear mixed effects model was -1.65 ml/min/1.73 m 2 /year (-2.04, -1.28), and the unadjusted mean intercept (95% CI) was 37.5 ml/min/1.73 m 2 (36.3, 38.6). Both a higher baseline and a higher time-averaged serum phosphorus were associated with significantly lower (i.e. more negative) unadjusted slopes of eGFR, but the associations became non-significant after multivariable adjustments ( Table 2 ). In unadjusted models a serum phosphorus > 4.3 mg/dl was associated with both a lower intercept (p < 0.001 compared to serum phosphorus 3.3 -3.8 mg/dl) ( Figure 3 ) and a steeper slope (p < 0.001 compared to serum phosphorus 3.3 -3.8 mg/dl) ( Figure 3) . In multivariable adjusted models the intercept remained significantly lower in patients with serum phosphorus > 4.3 mg/dl (p = 0.03 compared to serum phosphorus 3.3 -3.8 mg/dl) ( Figure  3 ), but the difference between slopes became non-significant (p = 0.3 compared to serum (Figure 3 ). Associations with baseline serum phosphorus showed similar tendencies (data not shown). The foregoing associations were similar in the various studied subgroups ( Table 2) .
The association of baseline and time-averaged serum phosphorus with the studied outcomes was not significantly different when including only non-imputed independent variables in multivariable models and when excluding PTH from the multivariable models (data not shown).
Discussion
We describe a significant association between higher serum phosphorus level and increased all-cause mortality in patients with moderate and advanced NDD-CKD. This association was present for baseline serum phosphorus, but was found to be even stronger when examining time-averaged serum phosphorus levels, indicating a significant cumulative effect of serum phosphorus over time. We also found a significant association between higher serum phosphorus and the composite outcome of pre-dialysis mortality or ESRD, suggesting that serum phosphorus may also be associated with worse renal outcomes. To examine if the worsened renal outcomes (i.e. increased incidence of ESRD) that we and others have described in earlier studies [4, 5, 6] is related to a more pronounced rate of loss of kidney function, we examined the intercepts and slopes of eGFR vs. time, and found that, while patients with higher serum phosphorus had lower intercepts (i.e. baseline eGFR levels), the slopes of eGFR vs. time (i.e. the rate of loss of kidney function) were not significantly different once accounting for differences in the levels of confounders.
Higher serum phosphorus has been associated with increased mortality in dialysis patients [1, 2] and in patients with NDD-CKD [3, 4, 8] . All the foregoing studies have examined baseline serum phosphorus, and could thus not account for the effects of temporal changes in the level of serum phosphorus that could be expected as eGFR declines with progressive CKD [17] . Our results support the findings of previous studies, and emphasize the importance of the cumulative impact of elevated serum phosphorus. Our findings of a significant effect modification by the administration of calciumcontaining phosphate binders underscores the potentially important impact on phosphorus' association with clinical outcomes by such agents, which could alter the effects of elevated serum phosphorus not only through a phosphorus-lowering effect, but also by impacting on other homeostatic mechanisms such as PTH level, urinary phosphorus or serum fibroblast growth factor-23 (FGF-23), and also by the potentially deleterious effects of calcium loading [8, 18] .
The putative mechanism(s) responsible for the observed higher mortality could be phosphorus' calcification-inducing effects in the vascular bed [19, 20] , or the concomitant deleterious effects of other factors linked to hyperphosphatemia, such as secondary hyper- parathyroidism [2, 21] . Clinical trials of phosphorus-lowering are needed to prove a causal link between higher serum phosphorus and increased mortality, but such trials have not yet been performed. A small randomized controlled trial of two different phosphate binders vs. dietary phosphate restriction in patients with NDD-CKD showed the highest progression of coronary calcification in the group treated with dietary restriction alone [18] . Serum phosphorus levels were, however, comparable in the different intervention arms of that study, thus not making it possible to support the direct role of higher phosphorus in coronary calcification.
An important additional outcome in NDD-CKD is progression of CKD, and the consequent incidence of ESRD. Prior observational studies have described an association between higher serum phosphorus and an increased incidence of ESRD [5, 6] . A higher incidence of ESRD could be the result of a more pronounced loss of kidney function, but it could also be explained by an initial lower level of kidney function (lower intercept) or by the competing nature between the endpoints of mortality and ESRD; thus it has been recommended that observational studies assessing progression of CKD examine the rate of change in kidney function rather than a fixed end-point such as ESRD [9] . Prior to ours there has been a single other study that examined the association between serum phosphorus and the rate of change in kidney function, which described an association between higher serum phosphorus levels and steeper slopes of eGFR [4] . This study included a relatively smaller number of patients with advanced (Stages 4 and 5) NDD-CKD and it may be difficult to extrapolate its findings to patients with earlier stages of CKD. Furthermore, the methodology this study applied (using ordinary least-squares slopes of eGFR) is not considered ideal for the stated purpose [16] . Our study applied a more appropriate methodology (generalized linear mixed effects models) in a robust dataset with a median of 14 eGFR values per participant. We found that the higher incidence of ESRD associated with elevated serum phosphorus that was previously reported by us and others [5, 6] could have been the result of a significantly lower intercept (i.e. a lower baseline or initial eGFR), but not necessarily a steeper slope of eGFR. This could possibly be due to a higher serum phosphorus causing more substantial loss of kidney function in earlier stages of CKD.
Our study should be qualified for several potential limitations. The historical and observational nature of the study only allows us to establish associations, but not causal relationships. Our study was limited to male patients from a single institution; hence our results may not apply to the larger population with NDD-CKD. We hypothesizes that the mortality effect of higher serum phosphorus is related to an increase in cardiovascular complications but we did not have causes of death available for analysis to substantiate this. We used estimated GFR as a measure of kidney function, and imprecision related to this method may have affected our results. Undetected unequal medical care could be responsible for differences in outcomes in retrospective studies such as ours, especially since we detected a significant interaction with calcium-based phosphate binders which were used more often in patients with elevated serum phosphorus. It is less likely though, that the more frequent use of such medications was a marker of unequal care, as other commonly used medications were applied with equal frequency in our cohort, and a better medical care signaled by more frequent use of a certain medication in the higher serum phosphorus group should have biased our results toward the null.
Conclusions
Higher serum phosphorus is associated with higher death risk in individuals with moderate and advanced NDD-CKD, but its association with an increased rate of loss of kidney function could not be substantiated. Time-averaged serum phosphorus displays a more robust association with mortality than baseline serum phosphorus, suggesting an important role for the cumulative burden of hyperphosphatemia. Based on our results one could hypothesize that long term phosphorus control could result in improved clinical outcomes in patients with moderate and advanced NDD-CKD. Clinical trials will be necessary to test such a hypothesis.
